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soil erosion and piping. In addition, the effect of raised 
groundwater table on the failure condition of overburden 
soil layer may not be significant. 
Introduction
Sinkholes are known as a naturally occurring hydrogeo-
logical process that causes life-threatening events and 
can cause significant structural losses. Economic loss 
due to sinkholes is significant. For example, the eco-
nomic damage caused by sinkholes in the United States 
is estimated to be more than $300 million per year (Ku-
niansky et al. 2016). According to the Florida Office of 
Insurance Regulation, the total reported insurance claims 
in Florida increased from 2,360 in 2006 to 6,694 in 2010, 
costing approximately $1.4 billion (Florida office of in-
surance and regulation 2010). 
Many researchers have conduced geological and hy-
drogeological studies on karst sinkholes (Beck 1986; 
Waltham et al. 2005; Brinkmann et al. 2008; Gutierrez 
et al. 2014; Xiao et al. 2016). In the meantime, engineer-
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hole evaluation index, the Sinkhole Resistance Ratio 
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were formed. Just within two weeks after Irma, at least 
30 sinkholes were reported in the state. Figure 2 presents 
a map of central Florida showing the locations of those 
30 sinkholes that formed after Irma (red circles). 
It is hypothesized that the extreme rainfall event trig-
gered by Hurricane Irma significantly impacted ground-
water flow conditions (water table rise and increased 
ing-based studies have been performed to understand 
geotechnical engineering behaviors of sinkholes, in-
cluding sinkhole physical modeling (Perez et al. 2017), 
sinkhole numerical analyses and stability evaluation 
(Drumm et al. 2009; Soliman et al. 2018; 2019), and 
site characterization and vulnerability indexing (Jammal 
1986; Foshee and Bixler 1994; Shamet et al. 2017;2018). 
In addition, a regional-scale sinkhole hazard map of east 
Central Florida has been also proposed to quantitatively 
determine the vulnerability of sinkhole occurrence (Kim 
et al. 2017; 2018). Several researchers have adopted re-
mote sensing techniques such as LiDAR data for sink-
hole assessment at large scales (Doctor and Young 2013; 
Rahimi and Alexander 2013; Kim et al. 2019). 
It is known that extreme water events trigger sinkhole 
formation. For example, Tropical Storm Debby in June 
2012 brought a large amount of precipitation and trig-
gered the formation of many sinkholes throughout the 
state (Kromhout 2017). It is proposed that groundwater 
flow is a key factor to trigger sinkhole occurrence and 
the process of internal soil erosion (Xiao et al. 2016). 
Tihansky (1999) also reported that an increase in sur-
face water due to rainfall events increases the load on 
subsurface cavities through raising the water level in the 
surficial aquifer, resulting in greater erosion of overbur-
den soils.
In this paper, one of the post-Irma sinkhole sites, US 
441 in Marion County, Florida, is presented as a case 
study. The case study shows how the sinkhole “recon-
naissance” investigation was conducted. This sinkhole 
investigation includes three key tasks: (1) assessment of 
hydrogeological factors, (2) in situ subsurface explora-
tion (e.g., CPT), and (3) finite element based numerical 
analyses. 
Background on Hurricane Irma
Hurricane Irma made landfall in central Florida on Sep-
tember 10, 2018 and produced an average of 20-40 cm 
of rainfall across the Floridian peninsula. Hurricane Irma 
had maximum sustained winds of 185 mph for 37 hours. 
Irma stretched nearly 1100 km in diameter and affected 
at least nine US states. Making landfall in southwest 
Florida as a Category 4 on September 10, Irma was clas-
sified as a hurricane from August 31 until September 11. 
The projected path of Hurricane Irma is shown in Fig-
ure 1. Due to this extreme rainfall event, many sinkholes 
Figure 1.  Path of Hurricane Irma (from 
National Hurricane Center, 2018). 
Figure 2.  Map of central Florida showing post-
Irma sinkholes. 
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by Foshee and Bixler (1994). As internal soil erosion 
proceeds, the size of the raveled zone increases while 
the area of competent overburden soils decreases. A 
sinkhole vulnerability index, Sinkhole Resistance Ratio 
(SRR) proposed by Nam et al. (2018), was used to quan-
tify the level of sinkhole vulnerability, due to raveling, 
within the site.  
Lastly, a FE analysis was conducted to further investi-
gate the geo-mechanical behavior of sinkhole formation 
such as the distribution of stress/strain and p-q stress 
path. The soil profile, from top to bottom, consists of 
2-m medium dense silty sand, 6-m clay, and limestone. 
groundwater recharge to the Floridan aquifer), leading 
to active sinkhole in central Florida. Groundwater wells 
nearby the US441 sinkhole were investigated and the 
one in Ocala, FL was selected.
This well location is about 16 km away from the US 441 
site and the well depth is about 47 m. Figure 3 shows 
the well data of upper Floridan aquifer and the resulting 
increase during the affected time of the hurricane. Con-
sidering a slower respond of Florida aquifer to surface 
water inputs than a surficial aquifer, the groundwater ta-
ble of surficial aquifer would have larger increase during 
Irma. This occurrence may result in a temporary higher 
head difference between the two aquifers (i.e., larger hy-
draulic gradient between two aquifer systems). 
US441 Post-Irma Sinkhole Investigation 
Methodology
The research team conducted a post-hurricane investiga-
tion on the US 441 sinkhole site with different scales and 
aspects. As seen in Figure 4, the methodology includes 
three main tasks: (1) assessment of hydrogeological fac-
tors, (2) in situ subsurface exploration (e.g., CPTs), and 
(3) finite element (FE) based numerical analyses. 
First, the hydrogeological assessment at a regional scale 
was conducted as an initial check prior to the field geo-
technical assessment. This initial assessment investi-
gated the regional-scale maps of groundwater recharge, 
head difference (between surficial and confined aqui-
fers), thickness of overburden layer, and aquitard thick-
ness to understand overall hydrogeological conditions in 
the surrounding area of the US 441 sinkhole.  
Second, a CPT-based subsurface investigation was car-
ried out. After the sinkhole collapse at US 441, a total 
of 13 CPT soundings were conducted around the col-
lapse point (see Figure 5). CPT sounding profiles were 
used to evaluate the vulnerability of sinkhole in both a 
qualitative and quantitative manner.  As seen in the CPT 
sounding profiles (see Figure 5), a sudden drop of cone 
tip resistance (qc) in the profile indicates the existence of 
soil raveling.  
Due to the raveling of soils, qc becomes extremely low 
within this zone, generally less than 5 tons per square 
foot (tsf), which was a rough raveling criterion proposed 
Figure 3.  Precipitation and potentiometric 
elevation trends of Floridan aquifer during 
time of Hurricane Irma (after USGS 2018). 
Figure 4.  Post-Irma sinkhole investigation tasks
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of both variables on the stability of sinkhole. The authors 
ran the FE simulations with different scenarios of cavity 
size, overburden layer thickness, and groundwater table 
elevation. The values of those parameters were varied in 
the simulations so that critical conditions causing failure 
were identified. Mohr-Column failure envelope in the 
p-q diagram was used as a criterion of sinkhole stabil-
ity. Particularly, the p-q stress paths of two critical points 
shown in Figure 6 were investigated. For simplicity, the 
raveled zone was modeled as a half-circular cavity and 
the hydrostatic condition was employed in investigating 
the effect of GWT. Figure 6 also shows the FE modeling 
and initial strength input parameters estimated from cor-
relations using the CPT resistance values (Kulhawy and 
Mayne 1990) and triaxial test simulations in PLAXIS2D.
Results and Discussion
Assessment of Hydrogeological Factors
Hydrogeological conditions of the US 441 site were in-
vestigated using the maps of those key hydrogeological 
factors. The relationship between sinkhole occurrence 
and those factors can be found in Kim et al. (2018). 
It is hypothesized that the hurricane raises the surface 
groundwater table (GWT) and an existing subsurface 
cavity grows due to the seepage induced soil erosion. 
Thus, the analysis was aimed at investigating the effects 
Figure 5.  Aerial view showing the CPT locations and a CPT profile showing the raveled zone.
Figure 6.  Numerical modeling of the US441 
site in PLAXIS2D
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CPT-based Assessment 
A total of 13 CPT soundings were performed around the 
collapse. Selected CPT qc profiles that indicate the ravel-
ing condition are presented in Figure 8.  CPTs-1, 2, 3 and 
5 were taken at the closest points to the collapse, and the 
others are relatively distant from the collapse. All CPTs 
were pushed until a bearing layer was encountered. This 
stiff layer was assumed to be the weathered limestone 
through investigation of nearby borings and the visual 
observation of limestone at the bottom of the sinkhole. 
As observed through the CPTs, the elevation of encoun-
tered weathered limestone “bedrock” significantly varies 
even within the relatively small area (compare CPT-9 
and CPT-13). This is common in a karst area. Although 
a sinkhole was formed at this site, each CPT location ex-
hibits varying qc values along depth, which is commonly 
The map of each factor (shown in Figure 7) was cre-
ated and reclassified with the ArcGIS software. As seen 
in the figure, it is apparent that the US 441 location lies 
where all hydrogeological conditions are highly favor-
able for sinkhole. The recharge rate of the study site is 
quite high with an estimated value between 30 and 118 
cm/yr, favorably eroding the soil into fissured limestone 
bedrock. The head difference in this location is relatively 
high with a value of 13 meters; thus, the location has a 
high potential of internal soil erosion due to groundwater 
flow. The overburden soil thickness in this area is less 
than 6 meters and the aquitard layer is either absent or 
relatively thin (from 0 to 8 m). It is believed that ground-
water may freely flow or circulate between surficial and 
upper Floridan aquifer systems that may expedite the 
dissolution of limestone bedrock.
Figure 7.  Hydrogeological factor maps showing (A) recharge (B) head difference C) 
overburden thickness (D) aquitard thickness
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Where: 
qover = Average measured cone resistance in overbur-
den, competent soils (MPa)
qravel = Average measured cone resistance in raveled 
zone (MPa)
tover = Depth to encountered raveled zone (m).
travel = Thickness of raveled zone (m)
= Effective vertical stress created from over-
burden soils (MPa)
Figure 9 presents the SRR computed at each CPT loca-
tion. The authors categorized the SSR values into four 
categories with different colors, and each CPT location 
observed in karst area. Interestingly, the distance from 
the collapse does not always correlate with the sever-
ity of raveling; for instance, CPT-1 nearby the collapse 
does not seem as severe as CPT-3 and CPT-5. Rather, 
CPT-9 shows more severe raveling in the qc profile. This 
observation suggests that raveling can be developed in 
the form of channels or multiple subsurface voids rather 
than a sinkhole large cavity. The SRR at each CPT loca-
tion was computed by the following equation: 
Figure 8. CPT tip resistance (qc) profiles around the sinkhole collapse (note: TSF = ton/ft2 = 
95.7kPa)
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less raveled condition. It was assumed that the soil con-
dition at CPT-1 represents the in situ state of the site be-
fore hurricane Irma and contains the typical amount of 
raveling expected from a normal central Florida sound-
ing profile. Using Robertson’s soil behavior type (SBT) 
chart (Robertson, 1990), the CPT data showed a soil 
profile composed of 2 m of silty sands followed by 6 m 
of clayey soils. The sounding terminated at a depth of 8 
m which is assumed to indicate the limestone (bedrock) 
underlying the overburden soils. The soil profile was im-
plemented into the finite element software PLAXIS2D. 
A half-circular void was assumed to evolve at the soil-
bedrock interface to trigger surface failure. In the FE 
anlaysis, the effects of cavity growth and raised GWT 
on the stress field of overburden soil were investigated. 
In the simulations the radius of the cavity was increased 
from 0 m to 2.5 m.  The depth of GWT was assumed to 
be 4 m from the ground surface (typical in that area), 
and the analysis was performed at one meter rising in-
crements till reaching the ground surface. Also it is im-
portant to note that the anlaysis was conducted under 
hydrostatic condition.
was numbered in the figure. Interestingly, some of lo-
cations nearby the surface collapse are not all severely 
raveled. CPT-2 shows the SRR value greater than 7. This 
value is similar to CPT-13, which is farthest from the 
collapse. It is postulated that raveling (or internal ero-
sion) in this site is more localized and the collapse may 
be due to subsurface soil erosion or piping rather than 
the growth of single gigantic cavity by which the Winter 
Park Sinkhole was formed (Jammal 1986). The most se-
vere raveling locations are observed in CPT-3, 5, 9, and 
12, which indicates the influence area of raveling as a 
dash-line circle in the figure. It is important to note that 
the surface collapse is not always vertically aligned with 
the sinkhole source. The sinkhole source, which is the 
initiation point of cavity growth, is considered as a point 
of groundwater recharge. Often the raveling progresses 
as piping channels propagating in a diagonal direction, 
thus the location of surface collapse can be distant from 
the sinkhole source. 
Numerical Analysis
The soil stratigraphy of the US 441 site was estimated 
from CPT-1 sounding data, which exhibits a relatively 
Figure 9. Plots of SRR values at the sinkhole site US 441, Marion County
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mechanism of the US441 sinkhole is likely internal soil 
“piping” not growth of a single large cavity.  Third, the 
US441 site contains a thick cohesive soil layer. The high 
precipitation due to Irma caused a rapid increase in GWT 
of the surficial aquifer but slowly recharge the upper 
Floridan aquifer; thus, a rapid increase of head difference 
(∆h) between surficial and upper Floridan aquifers may 
generate an increase of hydraulic gradient (i). This high 
hydraulic gradient leads to large seepage velocity, which 
accelerates the internal soil erosion/piping.  Fourth, the 
FE analysis results support that the impact of raised 
GWT is not as significant as the increased cavity size on 
the failure of collapse. In summary, it is concluded that 
the main sinkhole triggering mechanism in the US441 
site is a rapid increase in hydraulic gradient (or seepage 
velocity) rather than the impact of raised GWT on the 
failure condition of overburden soil. Although the ero-
sion/piping is the predominant mechanism in this site, a 
thick cohesive overburden soil layer may cause a cover-
collapse type of sinkhole in the site. 
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